Aluminum alloy matrix hybrid composites, in which alumina particles were dispersed among continuous alumina fibers, were fabricated by squeeze casting, and the influence of temperature and the effects of the particle-dispersion on the strength of the composites were then investigated. The particle-dispersion among the fibers minimized preform contraction and fiber-to-fiber contact due to the melt infiltration during the squeeze casting. The tensile strength, 0.2% proof stress and elastic modulus of the composites in the longitudinal direction increased with increasing the fiber volume fraction, retaining nearly the same values up to 623 K. These values of the hybrid composite were larger than those of the particle-free composite at every temperature. This is because the fibers were distributed uniformly owing to the particles that prevented the fiber-to-fiber contact, leading to the reduction of stress concentration at the points of direct fiber contact, and stress transmission between the fiber and the matrix becomes easy. At every temperature, the transverse tensile strength and proof stress of the particle-free composite was lower than that of the unreinforced alloy, because the fracture was initiated at the fiber-to-fiber contact point and the cracks propagated mainly along the fiber-matrix interface. In contrast, the strength of the hybrid composite was close to that of the unreinforced alloy even at high-temperature, because the cracks propagated mainly throughout the matrix owing to the uniform distribution of the fibers and the strong fiber-matrix bond.
Introduction
There are many reports on the properties of the continuous fiber-reinforced aluminum alloy matrix composites because the reinforcement with the fiber considerably improves the strength of the aluminum alloy not only at room temperature but also at high temperature. [1] [2] [3] [4] [5] [6] [7] [8] [9] These composites are mainly fabricated by squeeze casting [1] [2] [3] [4] [5] [6] [7] and hot pressing. 8, 9) Squeeze casting is an attractive process because it can be used even poor wettability between the melt and reinforcement 10) and is suitable for strengthening selected regions of the casting and processing complex shapes.
11) Also, it shows high cost performance. 12) However, because of the fiber contact, attributed to the contraction of the preform during melt infiltration, the transverse mechanical properties obtained are not sufficient. To prevent the fiber contact, dispersion of fine particles or whiskers between the fibers in the composite using a preform of the fibers having particles or whiskers attached to their surfaces has been proposed. The composite is called a hybrid composite. Aluminum alloy matrix hybrid composites have been fabricated using the following reinforcements: continuous SiC fibers having SiC particles attached to their surfaces, 13) continuous carbon fibers having SiC particles and whiskers attached to their surfaces, 14, 15) and continuous Tyranno fibers having -SiC particles attached to their surfaces. 16) As Al 2 O 3 (alumina) has high rigidity and strength, and outstanding resistance to heat and wear, the alumina can improve the strength of aluminum alloy not only at room temperature but also at high temperature. With this improvement, the alloy could be used as structural heat-resistant parts. However, no reports on high-temperature properties of the hybrid composites using fine alumina particles and continuous alumina fibers could be found.
In this study, Al-Cu-Mg alloy matrix hybrid composites using continuous alumina fibers having fine alumina particles attached to their surfaces were produced by squeeze casting. The relationship among microstructure, strength characteristics in the range from room temperatute to 623 K, and the volume fraction of the reinforcements examined. Additionally, the effects of the alumina particle-dispersion on the high-temperature strength and the strengthening mechanism were investigated based on fractography.
Experimental Procedures
JIS AC1B aluminum alloy (Al-4.3Cu-0.2Mg alloy) was used as the matrix metal, and continuous -alumina fibers (Sumitomo Chemical Inc., SV-10-1K) and -alumina particles (Showa Denko, Inc., CB-A01) were used as the reinforcement. The chemical composition of AC1B aluminum alloy and the characteristics of the reinforcements 17) are listed in Tables 1 and 2 , respectively. It has been reported that the tensile strength of the fibers decreases little after a long- 18) The preform was fabricated as follows: (1) alumina particles were dispersed in water containing a small amount of polyvinyl alcohol as a binder, (2) the particles were attached to the fiber surfaces by soaking the fibers in the solution, and (3) the fibers were packed unidirectionally in a steel square pipe with open ends, dried at 373 K, and then heated at 973 K for 1 hour to remove the binder in the preform. A schematic illustration and a SEM image of the preform are shown in Fig. 1 . The particles can be seen attached to the fiber surfaces thus preventing fiber-tofiber contact.
The composite was fabricated by squeeze casting. The preform, still in the steel pipe, was placed horizontally in the mold, and the molten aluminum alloy was poured into the mold at 1073 K. Pressure was quickly applied using a plunger and maintained until solidification was complete. The steel square pipe with open ends makes it easy to infiltrate the melt parallel to the fiber axis from both ends simultaneously. In this way, preform contraction is limited. The preform temperature was 973 K, the mold temperature was 573 K, the applied pressure was 40 MPa, and the pressurization retention time was 60 s. The volume fraction of the fibers (hereinafter V f ) was made 40, 50 and 60%, and the volume fraction of the particles (hereinafter V p ) was 0 and 10%. T6 heat treatment (solutionized at 788 K for 36 ks and waterquenched, followed by aging at 433 K for 14.4 ks) was applied to the composites.
Their microstructures and the fiber-matrix interfaces were observed. Tensile tests in the longitudinal and transverse direction were conducted with machined plate specimens 3 mm in thickness, 8 mm in width and 10 mm in gage length to obtain tensile strength, 0.2% proof stress, elastic modulus and elongation in the range from room temperature (293 K) to 623 K. In the tensile test, an Instron testing system was used and the crosshead speed was 1:67 Â 10 À5 m/s. Specimen numbers were determined by the combination of V f and V p . For example, composite 40-0 contains 40% fibers and 0% particles, and composite 40-10 contains 40% fibers and 10% particles. Figure 2 shows the microstructures of the transverse section of particle-free composites (40-0 and 60-0) and A TEM image near the fiber-matrix interface in a hybrid composite (50-10) is shown in Fig. 3 . There was no reaction product near the interface between the fiber and the matrix, indicating that the fibers bonded with the matrix without causing any excessive reaction or degradation. The grain size of the -alumina in the fiber is about 10 nm, which is almost equal to the grain size in the as-received fiber. 19) This indicates that degradation of the fiber strength due to the grain growth during the de-binder process, the infiltration of molten aluminum alloy, and the solution treatment did not occur. Figure 4 shows stress-strain curves of 50% fiber-reinforced composites tested at room temperature (293 K) and 623 K. In the longitudinal direction, stress increased almost linearly as the strain increased at every temperature. Tensile resistance to deformation of the hybrid composite (50-10) was larger than that of the particle-free composite (50-0). Tensile resistance to deformation in the transverse direction was smaller than that in the longitudinal direction and decreased as the temperature increased. The resistance increased with the introduction of the particles as well as in the longitudinal direction. Figure 5 shows the relationship between the tensile strength and the temperature for the unreinforced alloy and the composites. The tensile strength of the unreinforced alloy decreased little up to about 423 K, above which it decreased considerably (indicated by the open circles in Fig. 5 ). For the composites, the longitudinal tensile strength increased as V f increased and decreased little even at high-temperature. This is probably because the fibers are subject to longitudinal tensile stress. The longitudinal tensile strength of the hybrid composite was larger than that of the particle-free composite with the same V f . The transverse tensile strength of the particle-free composite were lower than those of the unreinforced alloy and decreased as V f increased. They were also improved by the introduction of the particles; the transverse tensile strength of the hybrid composite were almost the same as those of the unreinforced alloy ( Fig. 5(b) ). The increase in the strength by the introduction of particles was particularly large up to about 423 K, above which the increase was small owing to the low strength of the matrix. Nevertheless, the strength of the hybrid composite was slightly larger than that of the particle-free composite at 623 K.
Results and Discussion

Microstructure
Mechanical properties
Generally, the longitudinal tensile strength of the continuous fiber-reinforced composite can be estimated by the rule of mixture expressed as eq. (1). 20 )
where rom is the tensile strength of the composite, f is the tensile strength of the fiber, and 0 m is the stress on the matrix when the fibers reach their ultimate tensile stress in the composite. Table 3 shows rom , experimental values of the Table 2 , the value of f was set at 1800 MPa. Although cL was smaller than rom for every composite, the tensile strength and the ratios cL = rom of the hybrid composites (40-10 and 60-10) were larger than those of the particle-free composites. This suggests that the strengthening effect of the fibers with the particles is large. Figure 6 shows the relationship between 0.2% proof stress and temperature for the unreinforced alloy and the composites. The variation in the 0.2% proof stress as a function of temperature was similar to that in the tensile strength in the longitudinal and transverse directions. Figure 7 shows the relationship between the elastic modulus and the temperature for the unreinforced alloy and the composites. The longitudinal and transverse elastic modulus increased as V f increased and further increased with the introduction of the particles. Although the longitudinal elastic modulus was almost constant over the temperature range measured, the transverse elastic modulus decreased as the temperature increased. The decrease in the transverse elastic modulus is probably because the elastic modulus of the matrix decreased as the temperature increased.
As well as the tensile strength, the longitudinal elastic modulus can be estimated by the rule of mixture expressed as eq. (2).
20)
where E rom , E f and E m are the elastic modulus of the composite, the fiber and the matrix, respectively. From Table 2 , E f was set at 210 GPa. Table 4 shows E rom , the experimental elastic modulus (E cL ), and the ratios of E cL to E rom . For the particle-free composite, E cL was smaller than E rom . The introduction of the particles increased E cL , resulting in almost the same values as E rom at room temperature and slightly larger than E rom at 623 K. This is probably because the introduction of the particles reduces the fiber-to-fiber contact and the stress transmission between the fiber and the matrix becomes easy, and increases the elastic modulus of the matrix (E m ). Figure 8 shows the relationship between the elongation and the temperature for the unreinforced alloy and the composites. Although the elongation of the unreinforced alloy increased as the temperature increased, that of the particle-free composite in the longitudinal (Fig. 8(a) ) and transverse ( Fig. 8(b) ) directions changed little even as the temperature increased. In contrast, the elongation of the hybrid composite increased as the temperature increased. This tendency was pronounced when the volume fraction of the matrix was large (V f was small).
3.3
Relationship between strength and fracture morphology 3.3.1 Longitudinal fracture morphology Figure 9 shows the fracture surfaces of the composites after a longitudinal tensile load was applied at room temperature. There is almost no fiber pullout on either fracture surface, suggesting that the interfacial bond between the fibers and the matrix was relatively strong. Under more specific observation, the surface of the particle-free composite was flat at the fiber-to-fiber contact points (arrows in the Fig. 9(a-1) ). Fig. 9(a-2) is a high magnification micrograph near the contact point, showing the chevron patterns on the fracture surfaces of the fibers initiated at the fiber-to-fiber contact points indicated by arrows. In contrast, the surface of the hybrid composite was irregular and a flat region was not observed (Fig. 9(b-1) ). The chevron patterns were observed on the fracture surfaces of the fibers, but the initial points of the fracture varied: the surface of the fiber, the interior of the fiber (Fig. 9(b-2) ). Figure 10 shows the fracture surfaces of the composites at 623 K. The variation in the morphology of the fracture surface by the particle-dispersion was similar to that at room temperature.
Based on these fractographs, the fracture morphology when the tensile load was applied in the longitudinal direction was considered. The model for the crack propagation is shown in Fig. 11 . When a fiber breaks, a neighboring fiber directly contacted by the broken fiber breaks easily because stress concentration occurs in the neighboring fiber. Close-packed fibers were frequently observed on the fracture surfaces of the particle-free composite. Thus, progressive fracture of touching fibers was considered to occur easily, as shown in Fig. 11(a) . When the touching fibers break, the fracture surface must be flat. This would be why the surface of the particle-free composite became flat. Under this fracture morphology, the strengthening effect of the fiber cannot be fully displayed. In contrast, for the hybrid composite, in which the fibers were distributed uniformly, the matrix around a fiber relieves the stress concentration after the fiber breaks. Thus the stress concentration does not easily occur, and each fiber is subject to the stress. Consequently, irregular surfaces are frequently formed as shown in Fig. 11(b) . That is, because the introduction of the particles reduces the fiberto-fiber contact and the stress transmission between the fiber and the matrix becomes easy, the longitudinal strength of the hybrid composite was higher than that of the particle-free composite. At higher temperature, stress relaxation by the matrix would be more pronounced because the ductility of the matrix increased. This idea is supported by the fact that the ratios cL = rom at 623 K are larger than those at room temperature with the same V f , as shown in Table 3 . Figure 12 shows the fracture surfaces of the composites after a transverse tensile load was applied at room temperature. In this investigation, both sides of the fracture surfaces were observed to determine where the fracture occurred. On the fracture surface of the particle-free composite, many fibers and grooves remaining in the matrix can clearly be observed ( Fig. 12(a) ). In contrast, the matrix is dominant on the fracture surface of the hybrid composite ( Fig. 12(b) ). This suggests that the cracks propagated mainly throughout the matrix. Figure 13 shows the fracture surfaces of the composites at 623 K. The variation in the morphology of fracture surface by the particle-dispersion was similar to that at room temperature.
Transverse fracture morphology
Based on these fractographs, the fracture morphology when the tensile load was applied in the transverse direction was considered. The model for crack propagation is shown in Fig. 14. The transverse tensile strength and elongation of the particle-free composite were significantly smaller than those of the unreinforced alloy. The fiber surfaces and grooves remaining in the matrix shown in Figs. 12 and 13 correspond to the points of direct fiber contact where the bond between the fibers and the matrix was insufficient. Because the stress transmission does not completely occur at the point of direct fiber contact, the cracks are considered to propagate selectively near the fiber-matrix interface, as shown in Fig.  14(a) . The transverse tensile strength of the hybrid composite was close to that of the unreinforced alloy. This is probably due to the particles that distribute the fibers uniformly and prevent the fiber contact. Additionally, the interfacial bond between the fiber and the matrix was sufficient and strong. Consequently, the cracks are considered to propagate mainly throughout the matrix, as shown in Fig. 14(b) .
In order to quantitatively analyze these fracture morphologies, the fracture surface was classified into three parts: the interface between fiber and matrix (f-m), matrix (m-m), and fiber (f-f). Each area fraction on the fracture surface was calculated, and the relationship between the area fraction and the transverse tensile strength was investigated. The results are summarized in Table 5 . The area fraction of the interface, matrix, and fiber are expressed as A fm , A mm , and A ff , respectively. From Table 5 , the following results were obtained: (1) A ff is nearly constant at the same temperature, (2) A fm increased as V f increased, (3) A fm was larger than A mm in the particle-free composites, but smaller in the hybrid composites, and (4) A mm of the hybrid composite was larger than that of the particle-free composite with the same V f . These results indicate that A fm and A mm have an appreciable influence on the transverse strength. The relationship between transverse tensile strength cT (MPa), A fm (%), A mm (%), and A ff (%) was calculated by multiple regression analysis. As a result, the following eq. (3) was obtained at room temperature:
cT ¼ 4:41A mm þ 1:85A fm À 6:28A ff ð3Þ
The multiple correlation coefficient (R) of eq. (3) is 0.978, signifying substantial correlation. The relationship between each fraction can be expressed as 
